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Abstract

Background: Fluid shear stress (FSS) is a biomechanical force that can produce phenotypic
changes in the cells that are directly in contact with the flow of fluid. Accumulating
evidence indicates high FSS to possess the potential ability to prevent tumor development
and suppress cancer growth. However, the exact mechanism of its antitumorigenic effects
is still not clear. Objective: In this study, we aimed to investigate the effect of FSS on
breast cancer microenvironment via macrophage modulation. Methods: We exposed THP-1
like-macrophages to different levels of FSS. The supernatant from THP1-like-macrophages
after exposure to FSS was used as conditioned medium (FSS-CM). Subsequently, we
analyzed human breast cancer cells, MCF-7, and endothelial cells, as well as HUVECs
cultured with FSS-CM. Results: Study outcomes have demonstrated that low FSS-CM
inhibited apoptosis as well as induced tumor migration in MCF-7 cells. Conversely, high
FSS-CM promoted apoptosis, inhibited tumor migration, and induced G1-phase arrest in
MCF-7 cells. Furthermore, low FSS-CM was found to promote proliferation of HUVECs.
Conclusions: In conclusion, this study highlights the complex interplay between FSS
and cancer cell behavior. Our findings provide in vitro evidence that high FSS exerts
an anti-cancer effect by promoting THP-1-like macrophage polarization toward an anti-
tumor phenotype, leading to increased apoptosis and reduced migration in MCF-7 cells.
These results suggest that the modulation of macrophage polarization may underlie the
therapeutic potential of high FSS in suppressing breast cancer progression.

Keywords: fluid shear stress; breast cancer; anti-cancer effect; macrophage polarization;
THP-1-like macrophages; MCF-7; tumor-associated macrophages

1. Introduction
Female breast cancer has a high incidence rate and is the fifth leading cause of can-

cer related deaths globally [1]. The global burden of breast cancer is projected to in-
crease significantly in the coming decades; by 2040, the number of new cases is expected
to rise by over 40%, reaching approximately 3 million annually [2]. One of the fore-
most factors contributing to poor outcome of cancer is the metastatic spreading of tumor
cells [3]. Traditionally, it was considered that genetic and epigenetic alterations within
tumor cells essentially contribute to the metastatic dissemination of cancer cells from the
primary tumor. However, currently it is well established to be a complex disease strongly
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driven by the intricate ecosystem surrounding tumor cells, which is termed as the tumor
microenvironment (TME).

The components of TME, including several noncancerous stromal cells, the extracel-
lular matrix (ECM), and biomechanical forces together, impact and control the metabolic
alterations in cancer cells [4–6]. Specifically, tumor-associated macrophages (TAMs), one of
the most abundant stromal cells in TME, have been implicated in prognosis of a variety
of tumors [7,8]. During differentiation, TAMs exhibit phenotypic plasticity in response to
microenvironmental cues. As a result, they can be functionally polarized into M1 (pro-
inflammatory) or M2 (anti-inflammatory) phenotypes [9,10]. Growth factors and cytokines
secreted by M2-like macrophages within the TME promote metastasis [11,12], whereas
those released by M1-like macrophages exert tumor-suppressive effects [13]. Hence, investi-
gating the involvement of each component of TME in regulating macrophage differentiation
is crucial for cancer biology and therapy. While several studies have extensively focused
on the role of chemical factors in macrophage polarization [11,14–16], relatively few have
been designed to understand the role of biomechanical forces involved [17]. Research on
the biomechanics of the TME is still in its infancy partially owing to past limitations in
available technologies. Therefore, exact molecular mechanism for regulation of macrophage
differentiation and function by biomechanical forces is not yet well elucidated. One of
the noteworthy biomechanical cues that exert influence on cells within TME is the fluid
shear stress (FSS) [18]. The FSS, defined as an internal frictional force between moving
layers in laminar flow, can be understood as the force perpendicularly applied per unit
area on a surface [19]. In addition to modulating macrophage differentiation within the
TME, FSS influences the behavior of various stromal components [20]. Within tumors, cells
experience a wide range of shear forces, from very low levels in interstitial space to higher
magnitudes in vascular regions [21]. The persistently altered shear conditions in breast
TME highlights the importance of investigating how FSS regulates macrophage function
and how macrophage derived factors in turn affect cancer cell behavior [22].

In breast cancer cells, FSS has been shown to regulate stemness, survival, metastatic
potential, and adhesion dynamics [23–26]. Although these studies were performed in
simplified in vitro systems, they suggest that mechanical cues such as FSS may contribute
to tumor cell adaptation within the broader TME. FSS has been revealed to cause cell death
either by increasing the sensitivity of cells to cytokine induced apoptosis [27], enhancing
oxidative stress [28], or by causing damage to cell membrane [29]. Thus, FSS plays a dual
role in shaping the TME by influencing both TAM polarization and cancer cell growth
and progression.

Despite its significance, the mechanistic basis of macrophage-cancer cell crosstalk
under shear stress in the breast cancer microenvironment remains poorly understood,
underscoring the need for further investigation to gain deeper insights into tumor biology.
TAM-secreted factors are shaped by the biochemical and biophysical cues encountered
during differentiation; thus, FSS-driven shifts in macrophage polarity may alter the release
of mediators that critically regulate cancer cell growth and progression. The impact of
FSS on breast cancer cells via macrophage modulation is still largely unknown, prompting
the present investigation. THP-1, an acute monocytic leukemia cell line, is a widely used
model of human macrophages. We investigated how FSS modulates THP-1 macrophage
polarization and secretory profiles, and how these changes indirectly affect human breast
cancer cells (MCF-7) and human umbilical vein endothelial cells (HUVECs) cell behavior.
THP-1 cells were exposed to defined FSS levels for 24 h, after which the supernatants were
collected as FSS-conditioned medium (FSS-CM) and used to treat MCF-7 and HUVECs to
evaluate paracrine effects.
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2. Materials and Methods
2.1. The Cell Culture and Differentiation

The HUVEC lines (ATCC Number CRL-1730™) and the human acute monocytic
leukemia THP-1 cell lines (ATCC Number TIB-202™) were obtained from American Type
Culture Collection (ATCC®), Manassas, VA, USA. Both cell lines were maintained in RPMI
1640 culture medium. MCF-7 cells were also obtained from ATCC® (ATCC number HTB-
22TM) and cultured in Dulbecco’s Modified Eagle Medium (DMEM). All cultures were
supplemented with 10% fetal bovine serum along with 1% penicillin–streptomycin and
incubated at 37 ◦C in a humidified 5% CO2 atmosphere.

The differentiation of THP-1 monocytes into macrophage-like phenotype was bought
by using 100 nM of phorbol 12-myristate 13-acetate (PMA) for 3 days followed by 1 day in
PMA-free medium and incubated at 37 ◦C with 5% CO2 concentration in air. Morphological
changes in THP-1 monocytes following PMA treatment were analyzed by comparing
undifferentiated cells versus differentiated cells under microscope.

2.2. Fluid Shear Stress Application

Following differentiation, THP-1 derived macrophages were seeded at an equal density
of 1 × 106 cells/mL to achieve approximately 80% confluence prior to FSS exposure. The
cells were either exposed to orbital FSS or maintained under static conditions for 24 h.
FSS exposure was performed using an orbital shaker (Thermo Fisher Scientific, Marietta,
OH, USA) placed inside a humidified CO2 incubator (37 ◦C, 5% CO2). Static control
macrophages were cultured in the same incubator under identical environmental conditions
but without orbital motion, ensuring comparable cell numbers and matched parameters
across all groups. The maximum shear stress (τmax) generated in the culture medium was
calculated according to the equation [30]:

τmax = a
√

ρη(2π f )3

where “a” is the orbital radius of rotation of the shaker (1.27 cm), “ρ” is the density of the
culture medium (0.9973 g/mL), “η” is the viscosity of the medium (0.0101 poise), and “f ” is
the frequency of rotation (revolutions/second. Shaking speeds of 25, 45, 128, and 185 rpm
produced estimated FSS levels of 0.5, 1.3, 6.1, and 10.6 dyne/cm2, respectively.

After 24 h, both FSS-exposed and static macrophages were processed in parallel. Cell
viability and total cell number were quantified using a Vi-CELL™ XR 2.03 Cell Viability
Analyzer (Beckman Coulter, Indianapolis, IN, USA) based on the trypan blue dye exclusion
method, confirming no significant differences between groups. The results showed that
>95% of cells remained viable at all FSS levels, comparable to the static (no shear) control.
These findings confirm that the applied shear conditions were sub-cytotoxic and that
the observed effects on MCF-7 and HUVECs are attributable to FSS-induced functional
modulation of macrophages rather than differences in cell number or viability. Culture
supernatants were then collected, centrifuged at 1500 rpm for 3 min to remove debris,
and stored at −80 ◦C as FSS-conditioned medium (FSS-CM) or static-conditioned medium
(static-CM), to be used subsequently for stimulation of HUVEC and MCF-7 cells.

2.3. THP-1-like Macrophages Profiling Assay

Based on pilot dose–response testing, no significant differences in macrophage viability
or canonical activation markers were observed between 10.6 dyne/cm2 and 11.6 dyne/cm2.
Therefore, an FSS of 11.6 dyne/cm2 was selected for macrophage phenotyping to capture a
maximal activation profile, whereas 10.6 dyne/cm2 was used as the highest shear stress in
all other experiments to ensure reproducibility and maintain cell integrity during prolonged
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exposure. THP-1-derived macrophages were exposed to 11.6 dyne/cm2 for 12 and 24 h.
Following shear application, the cells were centrifuged at 1500 rpm for 5 min, and the
supernatant was removed. To prevent non-specific binding, fragment crystallizable (F-c)
receptors were blocked by resuspending the cell pellet in 100 µL of 10% Fc receptor blocking
reagent (Miltenyi Biotec, Auburn, CA, USA) prepared in 1% bovine serum albumin (Sigma-
Aldrich, Darmstadt, Germany), followed by incubation for 20 min at room temperature.

For detection of cell surface markers (CD49c, CD38, CD47) cells were stained with the
corresponding antibodies and incubated for 1 h at 4 ◦C in dark. To detect the intracellular
markers β-tubulin cells were permeabilized with 20 µL of 0.1% tween (BIO-RAD, Watford,
UK) and further incubated for 20 min at room temperature. Following incubation, cells
were stained with the intracellular antibodies and incubated for 1 h at 4 ◦C in dark. Then,
cells were centrifuged at 1500 rpm for 3 min, supernatant was discarded, and cells were
resuspended with 300 µL Phosphate-Buffer Saline (PBS). BD FACS Canto-II flow cytometry
machine (BD Biosciences, San Jose, CA, USA) was used for running samples and BD
FACSDivaTM Software Version 6 for data analysis. All antibodies (Table 1) were purchased
from BD Biosciences, USA.

Table 1. Anti-human conjugated antibodies for macrophage characterization.

Marker Catalog Number Conjugated Dye

CD 49c 556025 PE
CD 38 556025 PERCP-Cy 5.5
CD 47 556046 PE

β Tubulin 560394 PERCP-Cy 5.5

2.4. Conditioned Media Treatment

MCF-7 and HUVEC lines were seeded to reach approximately 80% confluence within
24 h. The cells were then cultured for 48 h in complete medium supplemented with 50% CM
obtained from THP-1-derived macrophages exposed to FSS at 0.5, 1.3, 6.1, or 10.6 dyne/cm2

(FSS-CM) or from macrophages maintained under static conditions (static-CM) in a humidi-
fied incubator (37 ◦C, 5% CO2). Equal numbers of THP-1-derived macrophages were seeded
and maintained across all conditions to ensure comparable cell density at CM collection.

2.5. Cell Apoptosis Assay

Apoptosis in MCF-7 cells was assessed using the Hoechst 33342/Propidium Iodide (PI)
double-staining apoptosis detection kit (Thermo Fisher Scientific, USA). MCF-7 cells were
cultured for 48 h in complete medium supplemented with 50% CM obtained from THP-
1-derived macrophages exposed to different levels of FSS: 0.5, 1.3, 6.1, or 10.6 dyne/cm2)
or from static macrophages (static-CM, control). After the 48 h treatment period, both
adherent and floating cells were collected to ensure inclusion of any detached apoptotic
cells. The combined cell suspension was washed twice with phosphate-buffered saline
(PBS). Cells were then resuspended in 100 µL of Hoechst 33342 solution (10 µg/mL in
PBS) and incubated at 37 ◦C for 10 min. After centrifugation at 1200 rpm for 3 min, the
supernatant was discarded, and the cells were resuspended in PI solution (20 µg/mL in
PBS) and mixed thoroughly. Following 15 min of incubation at room temperature, the cells
were immediately analyzed by flow cytometry.

2.6. Cell Cycle Analysis

MCF-7 cells treated with different FSS-CM (FSS of 0.5, 1.3, 6.1, and 10.6 dyne/cm2)
were harvested and collected in FACS tubes and washed with PBS. Then, the supernatant
was discarded, and cells were fixed with 500 µL of 70% cold ethanol (SIGMA-ALDRICH,
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Germany). To ensure fixation of all cells and minimize clumping, ethanol was added
dropwise to the cell pellet while vortexing. Cells were fixed overnight at 4 ◦C. After per-
meabilization, 2–3 mL of PBS was added per tube, and cells were centrifuged at 3000 rpm
for 5 min. Supernatant was discarded and cells were resuspended in 1mg/mL RNase
(Thermo Fisher Scientific, USA) diluted in PBS. Then, cells were stained with 2 µg/mL
PI. After 30 min of incubation at room temperature, cells were immediately analyzed by
flow cytometry. The percentages of cells with G1, S, and G2 DNA content were used to
determine the cell cycle rate of the cell population.

2.7. Cell Imaging

MCF-7 cells were seeded to reach 60% of confluence in 24 h. Next, the old media
was discarded, and cells were cultured with 50% of different FSS-CM (FSS of 0.5, 1.3,
6.1, and 10.6 dyne/cm2) or static-CM and incubated for 48 h in humidified incubator
(37 ◦C—5% CO2). Then, media was removed and changed by 100 µL of 10 µg/mL Hoechst
33342 staining solution diluted in PBS and incubated in the dark for 15 min at 37 ◦C. The
Hoechst solution was discarded, and cells were rinsed with 1× PBS. Fluorescent microscopy
images were obtained using EVOS cell imaging system (Thermo Fisher Scientific, USA)
with a 40-fold magnification.

2.8. Migration Assay

Migration of MCF-7 was measured using wound healing scratch assay. The cells were
grown to reach 100% confluence. Old media was discarded, and cells were wounded by
scratching with a sterile 200 µL pipette tip. Excess debris and cell clumps were cleared
away by rinsing with PBS. Then, cells were cultured with 50% of different FSS-CM (FSS
of 0.5, 1.3, 6.1, and 10.6 dyne/cm2) or static-CM. To observe wound closure, plates were
monitored for 24 h using a time-lapse imaging microscopy (EVOS® FL Auto Imaging
System, Thermo Fisher scientific, USA). Time-lapse imaging microscopy was equipped
with ‘Onstage Incubator’ where temperature and the atmosphere were kept at 37 ◦C
and 5% CO2, respectively. Phase-contrast pictures of the wound margins were taken
using a 10× objective magnification every 4 h throughout the 24 h experiments. The
recorded images were analyzed using ImageJ software (version 1.54h) (W.S. Rasband,
National Institutes of Health, Bethesda, MD, USA). Initially, the wound area was measured.
Subsequently, percent closure and area under the curve (AUC) were calculated.

2.9. Cell Metabolic Assay

HUVECs were seeded in 96-well plates to reach 80% confluence within 24 h. The next
day, the medium was replaced with 50% conditioned medium derived from THP-1-like
macrophages exposed to different levels of FSS-CM (0.5, 1.3, 6.1, and 10.6 dyne/cm2) or
from static macrophages (static-CM, control), and cells were incubated for 48 h at 37 ◦C
in a humidified incubator with 5% CO2. After treatment, the medium was removed and
replaced with 50 µL phenol red-free medium containing 2.5 µL MTT (3-(4,5-dimethylthiazol-
2-yl) 2,5-diphenyl tetrazolium bromide) reagent (5 mg/mL in PBS; Invitrogen, Carlsbad,
CA, USA). Cells were incubated in the dark for 3 h at 37 ◦C. Subsequently, the medium was
discarded, and the resulting formazan crystals were solubilized in 100 µL DMSO. The plate
was shaken for 3 min on an orbital shaker, and absorbance was measured at 560 nm using
a SpectraMax® M5 Microplate Reader (Molecular Devices, San Jose, CA, USA).

2.10. Statistical Analysis

All data were analyzed using GraphPad Prism 8.0 (www.graphpad.com, San Diego,
CA, USA). The data are presented as means ± SEM, derived from a minimum of
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three independent replicated experiments. Statistical comparison was performed using a
two-tailed t test. p < 0.05 was considered significantly different.

3. Results
3.1. This THP-1 Differentiation

The undifferentiated THP-1 monocytes (Figure 1A) after PMA treatment became
adherent and acquired a characteristic spread morphology (Figure 1B). This suggested that
THP-1 monocytes cells acquired a macrophage-like phenotype after PMA stimulation.

  
(A) (B) 

Figure 1. Induction of the macrophage-like phenotype in THP-1 cells. THP-1 cells were differentiated
by PMA treatment. Morphological changes were analyzed by comparing (A) undifferentiated cells
versus (B) differentiated cells. Arrows indicate typical “spreading.”

3.2. THP-1-like Macrophages Profiling (Cell Marker Expression Analysis)

FSS (11 dyne/cm2, 12 h and 24 h exposure) induced cellular phenotypic changes in
THP-1-like macrophages were determined by examining the abundance of CD49c, CD38,
CD47, and β-Tubulin, compared to the control group (0 dyne/cm2) (Figure 2). As compared
to control cells there was a significant increase (p < 0.01) in expression of CD49c, CD38, and
β-Tubulin, whereas a significant decrease (p < 0.05) in expression of CD 47 in THP-1-like
macrophage following 12 h shear stress application was observed. When the shear stress
application was performed after 24 h, there was further increase in expression of CD49c, as
well as of CD47 compared to expression after 12 h application. The expressions of CD 38
and β-Tubulin, however, showed reduction after 24 h shear stress application, compared to
the rise observed after 12 h shear stress application.

✱✱✱✱

✱✱✱✱

✱✱✱

✱✱

✱

✱✱✱

✱✱✱✱

Figure 2. Cell marker expression on THP-1-like macrophages after FSS application of 11.6 dyne/cm2

for 12 h and 24 h. Cells were subjected to flow cytometry analysis at the indicated time-points. All
results were confirmed in triplicate in three independent experiments under the same experimental
conditions. Statistical differences in comparison to the control are indicated by asterisks (* p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001).
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3.3. FSS-Induced MCF-7cell Death

MCF-7 cells were cultured with 50% FSS-CM for 48 h. Flow cytometric analysis
using Hoechst/PI double staining was performed to evaluate viable, apoptotic, and non-
viable (late apoptotic/necrotic) cell populations. As shown in Figure 3A, no significant
differences in the proportion of dead cells were observed across FSS conditions, although
a trend toward reduced number of dead cells was noted at higher shear stress levels.
Similarly, no significant differences in the proportion of necrotic cells were observed across
FSS conditions, although a trend toward reduced number of necrotic cells was noted at
higher shear stress levels (Figure 3B). The percentage of apoptotic cells (Figure 3C) was
significantly lower than the control at 0.5 dyne/cm2 and showed a progressive, though
statistically non-significant, increase with rising FSS intensity.

  

✱✱

(A) (B) (C) 

Figure 3. Fluid shear stress-induced cell death in MCF-7 cells. MCF-7 cells were cultured with 50% of
FSS-CM of different magnitudes (0.5, 1.3, 6.1, and 10.6 dyne/cm2) (A) Cytotoxicity effect of FSS.
(B) Effect of FSS on apoptosis. (C) Effect of FSS on necrosis. Dead, apoptotic, and necrotic cells were
quantified by flow cytometry after staining with Hoechst and PI (Mean ± SEM, n = 3). ** p ≤ 0.01 as
compared to the control. Control: MCF-7 cells cultured with 50% of static-CM.

Changes were also observed in the nuclear morphology of FSS-CM exposed cells
(Figure 4). The nuclei of the control MCF-7 cells were homogeneously stained and regularly
shaped whereas at 1.3 dyne/cm2, early apoptotic nuclei showed condensed chromatin.
While at 6.1 and 10.6 dyne/cm2, the nuclei of MCF-7 cells were cleaved and apoptotic
bodies formed were clearly visible.

3.4. FSS-CM Induces G1-Phase Cell Cycle Arrest in MCF-7

Results (Figure 5) demonstrated that the treatment of MCF-7 cells with CM derived
from macrophages exposed to higher FSS (6.1 dyne/cm2) led to a statistically significant
(p = 0.001) accumulation of MCF-7 cells in the G1 phase, when compared to cells exposed
to static-CM suggesting cell-cycle arrest. MCF-7 cells exposed to low FSS-conditioned
media (0.5 dyne/cm2) show a significantly lower fraction of cells in G1 phase compared
to cells exposed to high FSS-conditioned media (6.1 and 10.6 dyne/cm2). Further, MCF-7
cells cultured in low FSS-conditioned medium (0.5 dyne/cm2) exhibited a significantly
lower proportion of cells in G1 compared with cells exposed to FSS-CM 6.1 (p = 0.006) and
FSS-CM 10.6 (p = MCF-7 cells cultured in low FSS-conditioned medium (0.5 dyne/cm2)
exhibited a significantly lower proportion of cells in G1 compared with cells exposed to
FSS-CM 6.1 (p = 0.006) and FSS-CM 10.6 (p = 0.05).
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Shear stress force: 0 dyne/cm2 (Control) 

 
Shear stress force: 0.5 dyne/cm2 Shear stress force: 1.3 dyne/cm2 

 
Shear stress force: 6.1 dyne/cm2 Shear stress force: 10.6 dyne/cm2 

Figure 4. Fluid shear stress-induced apoptosis in MCF-7 cells. Representative Hoechst 33342 staining
images of MCF-7 cells cultured with 50% of FSS-CM of different magnitudes (0.5, 1.3, 6.1, and
10.6 dyne/cm2) at magnification 40× (scale bar: 100 µm). Apoptotic bodies were observed both at 6.1,
and 10.6 dyne/cm2 shear stress force. The arrow highlights apoptotic bodies formed in 6.1 dyne/cm2

panel as a representative example. Control: MCF-7 cells cultured with 50% static-CM. (shear stress of
0.0 dyne/cm2).
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Figure 5. Fluid shear stress–induced G1-phase arrest in MCF-7 cells. Conditioned media (CM) from
macrophages exposed to increasing FSS levels (0.5–10.6 dyne/cm2) were used to treat MCF-7 cells.
CM from high FSS (6.1 dyne/cm2) significantly increased the G1-phase population as compared to
control, indicating cell-cycle arrest. Data represent mean ± SEM (n = 3). * p ≤ 0.05, *** p ≤ 0.001 vs.
control (MCF-7 cells treated with 50% static-CM).

3.5. Migration Assay

A wound healing (scratch) assay was performed to evaluate MCF-7 cell migration.
Cells were treated with 50% FSS-CM derived from THP-1-like macrophages exposed to
shear stresses of 0.5, 1.3, 6.1, or 10.6 dyne/cm2. MCF-7 cells treated with 50% conditioned
medium from static THP-1-like macrophages (static-CM) served as the control. Images
were captured over a period of 24 h to observe changes in cellular migration rates under
the effect of varying levels of FSS. Raw scratch assay images (Figure 6) were quantified
using ImageJ software and the analyzed results are presented in Figure 7.

Wound healing assays revealed that MCF-7 cell migration was differentially regu-
lated by macrophage-CM generated under distinct FSS levels. Low FSS-CM (0.5 and
1.3 dyne/cm2) promoted complete wound closure over 24 h and statistically enhanced
the summed AUC as compared to the static-CM controls. In contrast, highest FSS-CM
(10.6 dyne/cm2) not only inhibited migration compared with low FSS-CM but also statisti-
cally reduced the summed AUC below that of static-CM controls.

3.6. HUVEC Metabolic Activity in Response to FSS-Conditioned Media

Figure 8 shows that HUVEC metabolic activity was significantly increased following
treatment with low FSS-CM (0.5 and 1.3 dyne/cm2) and decreased in response to high FSS-
CM (10.6 dyne/cm2) compared with static-CM controls. These results indicate that FSS-CM
alters HUVEC metabolic activity, which may correlate with changes in proliferation or cell
viability, although it does not provide a direct measure of cell proliferation.
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0 time 12 hours 24 hours

Control

10.6 

dyne/cm2

1.3 
dyne/cm2

6.1

dyne/cm2

0.5
dyne/cm2

Figure 6. Representative scratch assay images for MCF-7 cells exposed to 50% of FSS-CM at different
magnitudes (0.5, 1.3, 6.1, and 10.6 dyne/cm2) over 24 h period. The lowest FSS force images show a
completely “healed” scratch after 24 h. Control: MCF-7 cells were cultured with 50% of static-CM
over 24 h period.

Figure 7. The wound healing rate of MCF-7 cells evaluated by scratch assay over a period of 24 h
incubation with 50% of FSS-CM at different magnitudes (0.5, 1.3, 6.1, and 10.6 dyne/cm2). Control:
MCF-7 cells were cultured with 50% static-CM for 24 h. High FSS-CM (10.6 dyne/cm2) significantly
reduced MCF-7 migration compared with static-CM (control), as reflected by a lower summed AUC,
indicating active inhibition of cell motility by shear stress-polarized macrophages, whereas low
FSS-CM (0.5–1.3 dyne/cm2) promoted migration. Statistical differences in comparison to the control
are indicated by asterisks (*** p ≤ 0.001, **** p ≤ 0.0001).
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Figure 8. HUVECs were cultured with 50% of FSS-CM at different magnitudes (0.5, 1.3, 6.1, and
10.6 dyne/cm2) and incubated for 48 h. Control: HUVECs cultured with 50% of static-CM and
incubated for 48 h. Low FSS-CM increased, whereas high FSS-CM decreased HUVECs metabolic
activity. The values of cell proliferation are calculated in relation to control (* p ≤ 0.05, ** p ≤ 0.01).

4. Discussion
The present study demonstrates that FSS can modulate macrophage function in a

manner that profoundly influences the behavior of the neighboring tumor and endothelial
cells. CM obtained from THP-1-derived macrophages exposed to increasing levels of
FSS (0.5–10.6 dyne/cm2) produced distinct and opposing cellular responses. While CM
generated under low FSS conditions inhibited apoptosis and promoted migration of MCF-7
breast cancer cells, high FSS-CM enhanced apoptosis, suppressed tumor migration, and
induced G1-phase cell cycle arrest. In addition, low FSS-CM stimulated HUVEC prolifera-
tion, indicating shear-dependent modulation of angiogenic potential. These findings reveal
a previously underexplored mechanobiological pathway through which the magnitude
of shear stress experienced by macrophages differentially regulates their secretory profile,
thereby influencing both tumor progression and vascular responses.

The TME of mammary gland is characterized by a complex interplay of dynamic
mechanical factors, including FSS, compression, tension, and variations in ECM stiff-
ness [31–33]. Among these, FSS is a particularly potent biophysical signal that drives
phenotypic and functional changes in cells exposed to fluid flow [34,35]. Yet, the mech-
anisms through which these mechanical forces regulate macrophage–tumor interactions
remain incompletely understood. The present findings extend this understanding by
demonstrating that macrophage-secreted factors, conditioned by distinct FSS magnitudes,
can differentially affect cancer cell survival and migration. This work thus provides new
insight into the mechanobiological regulation of macrophage–tumor interactions and lays
a foundation for exploring how interstitial flow and shear-mediated signaling could be
targeted to modulate tumor progression.

Fluidic stimuli within the human body can be broadly categorized into two types
as follows: those arising from flow in blood and lymphatic vessels (vascular and lym-
phatic flow, respectively) and those generated by fluid movement through tissues, termed
interstitial flow [36]. The magnitude of FSS experienced by cells within the TME varies
considerably, ranging from more than 10 dyne/cm2 near perfused vasculature [37,38] to
less than 0.1 dyne/cm2 in regions of interstitial flow [39–42]. This mechanical heterogeneity
plays a crucial role in shaping cellular responses, influencing not only cell morphogenesis
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but also the pathogenesis of various diseases, including cancer [43]. The mechanical stiff-
ness of healthy and cancer cells differs significantly, which can influence the transduction of
forces regulating the cell’s invasive behavior. Previous investigations have largely focused
on the direct impact of FSS on tumor cells. For instance, Pan and colleagues demonstrated
that low FSS promotes migration, invasion, and drug resistance in triple-negative breast
cancer cells, whereas high FSS exerts the opposite effects [44]. Similarly, Yu et al. reported
that exposure of hepatocellular carcinoma (HepG2) cells to low FSS (1.4 dyne/cm2) en-
hanced their migratory capacity through activation of the integrin-mediated signaling
pathway [45]. In contrast, our study highlights the indirect role of FSS, showing that shear
stress-conditioned macrophages can differentially influence tumor and endothelial cell
responses, thus revealing an additional mechanobiological layer in cancer regulation.

In solid tumors, such as those of breast, TAMs are considered as the most relevant
stromal cells in relation to carcinogenesis, often being regarded as potential biomarkers
for breast cancers [35,36]. These plastic cells can polarize toward a pro-inflammatory M1
phenotype, or an immunosuppressive M2 phenotype based on the stimuli they encounter
in their surroundings [11]. Consistent with this interpretation, exposure of THP-1-derived
macrophages to FSS induced distinct alterations in surface marker expression (CD49c,
CD38, CD47) and cytoskeletal organization (β-tubulin), indicating an activated, motile,
and secretion-competent phenotype. These changes suggest that shear stress promotes
macrophage activation and functional polarization toward a pro-inflammatory-like state,
consistent with previous reports of shear-induced immune activation. Adhesion molecules
on leukocytes mediate interactions with other cells or the ECM and participate in mechan-
otransduction, converting mechanical cues into biological responses [33]. CD49c (α3
integrin) facilitates ECM binding and is upregulated during monocyte-to-macrophage
differentiation, serving as a macrophage marker [46]. CD38 and CD47 reflect microen-
vironmental regulation of macrophage phenotype, with CD38 being a hallmark of pro-
inflammatory (M1-like) activation [47,48]. The observed upregulation of CD49c, CD38,
and CD47 in THP-1-derived macrophages after 24 h exposure to high FSS (11.6 dyne/cm2)
indicates shear-induced phenotypic reprogramming toward an M1-like pro-inflammatory
state. Previously, shear stress has been shown to induce a pro-inflammatory transcriptional
program in human monocyte-derived macrophages, characterized by increased cytokine
production and enhanced motility [49]. Thus, our findings reinforce the concept that shear
stress can act as a potent biophysical cue driving macrophage differentiation, providing
a mechanistic basis for the observed downstream effects of FSS-conditioned medium on
tumor and endothelial cell behavior.

The functional relevance of this macrophage reprogramming was further reflected in
the distinct biological effects of their CM on recipient MCF-7 cells. CM from macrophages
under low FSS (0.5 dyne/cm2) appears to enhance MCF-7 cell survival. Although apoptotic
percentages rose with increasing FSS, the trend did not reach significance and therefore sug-
gests, rather than proves, a dose-dependent reversal of this effect. These data support the
idea that low mechanical stress can program macrophages to produce survival-promoting
signals that favor tumor persistence. Consistent with our observations, Li et al. reported
that interstitial fluid flow, corresponding to low shear stress, induces macrophage polar-
ization toward an M2 phenotype [50]. This supports our hypothesis that low mechanical
stress conditions can program macrophages to release pro-survival mediators that favor
tumor persistence.

Apoptosis of MCF-7 cells following exposure to FSS-CM was further validated by fluo-
rescence microscopy, which revealed characteristic nuclear condensation and fragmentation.
The number of viable cells decreased progressively with increasing FSS intensity, indicating
an inverse relationship between shear stress magnitude and cell survival. These observa-
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tions suggest that macrophage-derived cytotoxic mediators present in high-magnitude
FSS-CM (6.1 dyne/cm2 and 10.6 dyne/cm2) contribute to enhanced apoptosis of MCF-7
cells. This indicates that elevated FSS may indirectly exert anti-proliferative effects through
modulation of macrophage function and alteration of their secretory profile.

Genes that are involved in cell cycle progression regulate apoptosis [51]. Subsequently,
flow cytometry analysis of PI-stained nuclei was performed to further explore whether
the inhibitory effect of high FSS on MCF-7 cells is due to its induction of cell-cycle arrest.
Our data suggest that exposure of macrophages to elevated shear stress (6.1 dyne/cm2)
reprograms their secretory activity in a manner that promotes G1-phase arrest in MCF-7
cells. This observation is supported by findings of Son et al., who showed that shear stress
programs THP-1 derived macrophages towards pro-inflammatory (M1-like) phenotype [52].
Earlier, a study by Engström et al. showed that CM from M1, but not M2, macrophages
inhibited tumor cell proliferation and induced G0/G1 arrest [53]. These parallels indicate
that shear stress may drive macrophages toward an M1-like, anti-proliferative phenotype
capable of modulating tumor cell cycle progression. Taken together, these findings support
the emerging concept that biomechanical cues within the TME can reprogram macrophages
toward an anti-proliferative phenotype, thereby influencing tumor progression. Specifically,
FSS appears to modulate macrophage–cancer cell crosstalk in a manner that favors growth
inhibition and promotes apoptotic signaling in tumor cells.

Our scratch wound-healing results reveal a biphasic effect of macrophage secretions
under varying FSS: low FSS-CM (0.5–1.3 dyne/cm2) enhanced MCF-7 migration, whereas
high FSS-CM (6.1–10.6 dyne/cm2) inhibited it. This indicates that macrophage-secreted
factors vary markedly with the magnitude of mechanical stimulation. Low shear may
favor a pro-migratory, pro-tumor phenotype, consistent with reports that low FSS enhances
stem-like and metastatic traits in breast cancer cells [54]. Conversely, higher FSS suppressed
tumor cell motility, possibly by stimulating macrophage secretion of cytotoxic or anti-
migratory mediators such as TNF-α, IL-1β, or reactive species. Although cytokine levels
were not directly assessed in this study, these context-dependent, biphasic effects align
with previous reports describing biomechanical regulation of cancer progression [52,54].
Collectively, our results support a model in which the magnitude of FSS experienced by
TAMs determines their secretome and, consequently, the pro- or anti-migratory behavior
of adjacent breast cancer cells. Mapping the responsible cytokines/enzymes will clarify
whether the effect is driven mainly by chemotactic signals or by cytotoxic mediators.

Notably, high FSS when applied directly to tumor cells has been reported to induce
tumor cell apoptosis rather than necrosis [20,24]. Higher interstitial flow rate is also an
independent predictor of poor prognosis in cancer patients [55]. Interestingly, not all cancer
cell types respond uniformly to shear stress [56–58]. Thus, our study adds to a growing body
of evidence that the impact of FSS on tumor progression is context-dependent, determined
by cell type, shear magnitude, and microenvironmental interactions. Overall, these findings
suggest that modulation of hemodynamic forces in the TME could represent a previously
underappreciated strategy to potentiate anti-tumor immune responses.

Endothelial metabolic activity is a central determinant of angiogenesis, which sustains
tumor growth and metastasis [59,60]. In this study, HUVEC metabolic responses to FSS-CM
generated under varying shear stresses revealed that macrophage polarization under FSS
critically modulates endothelial function. High FSS-CM (10.6 dyne/cm2) significantly
reduced HUVEC metabolic activity, implying that shear-exposed macrophages adopt an
anti-tumor, anti-angiogenic phenotype, whereas low FSS-CM (0.5–1.3 dyne/cm2) enhanced
activity, consistent with a pro-angiogenic state. These results support previous observations
that mechanical forces regulate macrophage polarization and, in turn, endothelial behav-
ior [61]. The suppressive effect of high FSS-CM is likely mediated by a pro-inflammatory
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macrophage secretome enriched in cytokines such as TNF-α and IL-1β, which have been
shown to inhibit endothelial proliferation and angiogenic signaling [62,63]. Collectively,
these findings highlight the role of shear stress in regulating TAM–endothelial crosstalk
and its potential impact on tumor angiogenesis.

Depending upon the type of FSS the effect on cells may change [64]. Our current
research was limited by the fact that we analyzed the effects of only orbital FSS, thus it
would be interesting to design similar experiments in future where effects of laminar FSS
on breast cancer microenvironment may be studied as well. Although the direct effects of
FSS on MCF-7 cells were limited in our system, the potential for shear-induced macrophage
activation to suppress tumor cell viability highlights a novel mechanobiological interaction.
We speculate that high shear-exposed macrophages undergo phenotypic reprogramming,
potentially toward an M1-like state, resulting in the secretion of cytotoxic cytokines, reactive
oxygen species, or death ligands (e.g., FasL, TRAIL) that trigger apoptosis in neighboring
MCF-7 cells, and thereby exhibits anti-proliferative effect. Future studies will be essential to
identify the molecular signatures of macrophages exposed to shear stress and to pinpoint
the specific mediators driving the observed cytotoxicity, such as reactive oxygen species
or death ligands like FasL and TRAIL. Understanding these mechanisms could pave
the way for harnessing mechanical forces as modulators of immune–tumor interactions.
Additionally, integrating these foundational findings into in vivo models will be critical
to assess how fluid flow and flow-altering therapies influence tumor invasion. Such
research has the potential to open new frontiers in cancer biology and inspire innovative
therapeutic approaches.

Overall, our findings support the notion that low shear stress fosters a pro-tumorigenic
and pro-angiogenic microenvironment, whereas high shear stress tends to suppress these
processes. The use of FSS-CM derived from shear-exposed THP-1-like macrophages re-
vealed that macrophage-secreted factors can differentially influence tumor and endothelial
cell behavior in a force-dependent manner. These results underscore the mechanosensi-
tive nature of macrophages and their pivotal role in shaping breast tumor progression
and angiogenesis.

From a translational perspective, the magnitude-dependent modulation of macrophage
secretions that regulate MCF-7 apoptosis and HUVEC activity provides new insight into
how mechanical cues govern TME dynamics. Targeting macrophage mechanotransduction
pathways or their soluble mediators may offer novel therapeutic opportunities to con-
trol tumor growth and angiogenesis. Furthermore, incorporating shear stress parameters
into preclinical breast tumor models could enhance their physiological relevance for drug
testing and biomarker discovery, thereby advancing the development of more effective,
microenvironment-informed cancer therapies.

5. Conclusions
In conclusion, we demonstrated that high FSS induces apoptosis and G1-phase arrest

in MCF-7 breast cancer cells and inhibits the proliferation of endothelial cells (HUVECs),
collectively contributing to an anti-tumor effect. Importantly, our findings reveal a novel
mechanism whereby high FSS activates macrophages, which in turn modulate cancer
cell survival and endothelial function, likely through changes in their secretory profile.
These results highlight the critical role of biomechanical forces in regulating immune–
tumor interactions and suggest that modulating FSS may offer a promising therapeutic
approach. Further studies are needed to clarify the specific molecular mediators and
pathways involved in TAM polarization under shear stress to support the development of
FSS-based strategies for breast cancer treatment.



Diseases 2025, 13, 402 15 of 18

Author Contributions: Conceptualization, A.A.A. (Abir Abdullah Alamro) and A.A.A. (Amani
Ahmed Alghamdi); methodology, A.A.A. (Abir Abdullah Alamro); formal analysis, O.A.A.; inves-
tigation, O.A.A.; resources, A.A.A. (Abir Abdullah Alamro); data curation, A.H.A. and O.A.A.;
writing—original draft preparation, S.A. and O.A.A.; writing—review and editing, R.N.A. and S.A.;
supervision, A.A.A. (Abir Abdullah Alamro); project administration, A.A.A. (Abir Abdullah Alamro);
funding acquisition, A.A.A. (Abir Abdullah Alamro). All authors have read and agreed to the
published version of the manuscript.

Funding: The authors would like to extend their gratitude for the funding this research received
through Ongoing Research Funding Program (ORF-2025-1356), King Saud University, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data included in this article are available upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ECM Extracellular matrix
FSS Fluid shear stress
MTT 3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyl tetrazolium bromide
PMA phorbol 12-myristate 13-acetate
PI Propidium iodide
FSS-CM Supernatant from THP1-like-macrophages after exposure to FSS
TAMs Tumor-associated macrophages
TME Tumor microenvironment
Static-CM Static-conditioned medium

References
1. Xu, Y.; Gong, M.; Wang, Y.; Yang, Y.; Liu, S.; Zeng, Q. Global trends and forecasts of breast cancer incidence and deaths. Sci. Data

2023, 10, 334. [CrossRef]
2. Arnold, M.; Morgan, E.; Rumgay, H.; Mafra, A.; Singh, D.; Laversanne, M.; Vignat, J.; Gralow, J.R.; Cardoso, F.; Siesling, S.; et al.

Current and future burden of breast cancer: Global statistics for 2020 and 2040. Breast 2022, 66, 15–23. [CrossRef]
3. Conceição, A.L.; Müller, V.; Burandt, E.-C.; Mohme, M.; Nielsen, L.C.; Liebi, M.; Haas, S. Unveiling breast cancer metastasis

through an advanced X-ray imaging approach. Sci. Rep. 2024, 14, 1448. [CrossRef] [PubMed]
4. Urabe, F.; Patil, K.; Ramm, G.A.; Ochiya, T.; Soekmadji, C. Extracellular vesicles in the development of organ-specific metastasis.

J. Extracell. Vesicles 2021, 10, e12125. [CrossRef] [PubMed]
5. Kim, O.-H.; Jeon, T.J.; Shin, Y.K.; Lee, H.J. Role of extrinsic physical cues in cancer progression. BMB Rep. 2023, 56, 287. [CrossRef]
6. Vasilaki, D.; Bakopoulou, A.; Tsouknidas, A.; Johnstone, E.; Michalakis, K. Biophysical interactions between components of the

tumor microenvironment promote metastasis. Biophys. Rev. 2021, 13, 339–357. [CrossRef]
7. Condeelis, J.; Pollard, J.W. Macrophages: Obligate partners for tumor cell migration, invasion, and metastasis. Cell 2006, 124,

263–266. [CrossRef] [PubMed]
8. Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [CrossRef]
9. Cassetta, L.; Cassol, E.; Poli, G. Macrophage polarization in health and disease. Sci. World J. 2011, 11, 2391–2402. [CrossRef]
10. Chiang, C.-F.; Chao, T.-T.; Su, Y.-F.; Hsu, C.-C.; Chien, C.-Y.; Chiu, K.-C.; Shiah, S.-G.; Lee, C.-H.; Liu, S.-Y.; Shieh, Y.-S. Metformin-

treated cancer cells modulate macrophage polarization through AMPK-NF-κB signaling. Oncotarget 2017, 8, 20706. [CrossRef]
11. Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.; Sica, A. Macrophage polarization: Tumor-associated macrophages as a

paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. 2002, 23, 549–555. [CrossRef] [PubMed]
12. Lewis, C.E.; Pollard, J.W. Distinct role of macrophages in different tumor microenvironments. Cancer Res. 2006, 66, 605–612.

[CrossRef]

https://doi.org/10.1038/s41597-023-02253-5
https://doi.org/10.1016/j.breast.2022.08.010
https://doi.org/10.1038/s41598-024-51945-4
https://www.ncbi.nlm.nih.gov/pubmed/38228854
https://doi.org/10.1002/jev2.12125
https://www.ncbi.nlm.nih.gov/pubmed/34295457
https://doi.org/10.5483/BMBRep.2023-0031
https://doi.org/10.1007/s12551-021-00811-y
https://doi.org/10.1016/j.cell.2006.01.007
https://www.ncbi.nlm.nih.gov/pubmed/16439202
https://doi.org/10.1038/nature01322
https://doi.org/10.1100/2011/213962
https://doi.org/10.18632/oncotarget.14982
https://doi.org/10.1016/S1471-4906(02)02302-5
https://www.ncbi.nlm.nih.gov/pubmed/12401408
https://doi.org/10.1158/0008-5472.CAN-05-4005


Diseases 2025, 13, 402 16 of 18

13. Noy, R.; Pollard, J.W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 2014, 41, 49–61. [CrossRef]
14. Greene, C.J.; Nguyen, J.A.; Cheung, S.M.; Arnold, C.R.; Balce, D.R.; Wang, Y.T.; Soderholm, A.; McKenna, N.; Aggarwal, D.;

Campden, R.I. Macrophages disseminate pathogen associated molecular patterns through the direct extracellular release of the
soluble content of their phagolysosomes. Nat. Commun. 2022, 13, 3072. [CrossRef]

15. Huang, Y.; Jiang, W.; Zhou, R. DAMP sensing and sterile inflammation: Intracellular, intercellular and inter-organ pathways. Nat.
Rev. Immunol. 2024, 24, 703–719. [CrossRef]

16. Xue, J.-D.; Gao, J.; Tang, A.-F.; Feng, C. Shaping the immune landscape: Multidimensional environmental stimuli refine
macrophage polarization and foster revolutionary approaches in tissue regeneration. Heliyon 2024, 10, e37192. [CrossRef]

17. Jain, N.; Moeller, J.; Vogel, V. Mechanobiology of macrophages: How physical factors coregulate macrophage plasticity and
phagocytosis. Annu. Rev. Biomed. Eng. 2019, 21, 267–297. [CrossRef]

18. Zhang, Y.; Fu, Q.; Sun, W.; Yue, Q.; He, P.; Niu, D.; Zhang, M. Mechanical forces in the tumor microenvironment: Roles, pathways,
and therapeutic approaches. J. Transl. Med. 2025, 23, 313. [CrossRef]

19. Wirtz, D.; Konstantopoulos, K.; Searson, P.C. The physics of cancer: The role of physical interactions and mechanical forces in
metastasis. Nat. Rev. Cancer 2011, 11, 512–522. [CrossRef] [PubMed]

20. Huang, Q.; Hu, X.; He, W.; Zhao, Y.; Hao, S.; Wu, Q.; Li, S.; Zhang, S.; Shi, M. Fluid shear stress and tumor metastasis. Am.
J. Cancer Res. 2018, 8, 763. [PubMed]

21. Novak, C.M.; Horst, E.N.; Taylor, C.C.; Liu, C.Z.; Mehta, G. Fluid shear stress stimulates breast cancer cells to display invasive
and chemoresistant phenotypes while upregulating PLAU in a 3D bioreactor. Biotechnol. Bioeng. 2019, 116, 3084–3097. [CrossRef]
[PubMed]

22. Shieh, A.C.; Rozansky, H.A.; Hinz, B.; Swartz, M.A. Tumor cell invasion is promoted by interstitial flow-induced matrix priming
by stromal fibroblasts. Cancer Res. 2011, 71, 790–800. [CrossRef]

23. Triantafillu, U.L.; Park, S.; Klaassen, N.L.; Raddatz, A.D.; Kim, Y. Fluid shear stress induces cancer stem cell-like phenotype in
MCF7 breast cancer cell line without inducing epithelial to mesenchymal transition. Int. J. Oncol. 2017, 50, 993–1001. [CrossRef]

24. Regmi, S.; Fu, A.; Luo, K.Q. High shear stresses under exercise condition destroy circulating tumor cells in a microfluidic system.
Sci. Rep. 2017, 7, 39975. [CrossRef] [PubMed]

25. Xiong, N.; Li, S.; Tang, K.; Bai, H.; Peng, Y.; Yang, H.; Wu, C.; Liu, Y. Involvement of caveolin-1 in low shear stress-induced breast
cancer cell motility and adhesion: Roles of FAK/Src and ROCK/p-MLC pathways. Biochim. Biophys. Acta (BBA)-Mol. Cell Res.
2017, 1864, 12–22. [CrossRef]

26. Yang, H.; Guan, L.; Li, S.; Jiang, Y.; Xiong, N.; Li, L.; Wu, C.; Zeng, H.; Liu, Y. Mechanosensitive caveolin-1 activation-induced
PI3K/Akt/mTOR signaling pathway promotes breast cancer motility, invadopodia formation and metastasis in vivo. Oncotarget
2016, 7, 16227. [CrossRef] [PubMed]

27. Mitchell, M.J.; King, M.R. Fluid shear stress sensitizes cancer cells to receptor-mediated apoptosis via trimeric death receptors.
New J. Phys. 2013, 15, 015008. [CrossRef]

28. Ma, S.; Fu, A.; Chiew, G.G.Y.; Luo, K.Q. Hemodynamic shear stress stimulates migration and extravasation of tumor cells by
elevating cellular oxidative level. Cancer Lett. 2017, 388, 239–248. [CrossRef]

29. Moose, D.L.; Krog, B.L.; Kim, T.-H.; Zhao, L.; Williams-Perez, S.; Burke, G.; Rhodes, L.; Vanneste, M.; Breheny, P.; Milhem, M.
Cancer cells resist mechanical destruction in circulation via RhoA/actomyosin-dependent mechano-adaptation. Cell Rep. 2020,
30, 3864–3874. e3866. [CrossRef]

30. Ley, K.; Lundgren, E.; Berger, E.; Arfors, K.-E. Shear-dependent inhibition of granulocyte adhesion to cultured endothelium by
dextran sulfate. Blood 1989, 73, 1324–1330. [CrossRef]

31. Cacho-Díaz, B.; García-Botello, D.R.; Wegman-Ostrosky, T.; Reyes-Soto, G.; Ortiz-Sánchez, E.; Herrera-Montalvo, L.A. Tumor
microenvironment differences between primary tumor and brain metastases. J. Transl. Med. 2020, 18, 1. [CrossRef] [PubMed]

32. Avagliano, A.; Fiume, G.; Ruocco, M.R.; Martucci, N.; Vecchio, E.; Insabato, L.; Russo, D.; Accurso, A.; Masone, S.; Montagnani,
S. Influence of fibroblasts on mammary gland development, breast cancer microenvironment remodeling, and cancer cell
dissemination. Cancers 2020, 12, 1697. [CrossRef]

33. DuFort, C.C.; Paszek, M.J.; Weaver, V.M. Balancing forces: Architectural control of mechanotransduction. Nat. Rev. Mol. Cell Biol.
2011, 12, 308–319. [CrossRef]

34. Ding, Z.; Liu, S.; Wang, X.; Deng, X.; Fan, Y.; Sun, C.; Wang, Y.; Mehta, J.L. Hemodynamic shear stress via ROS modulates PCSK9
expression in human vascular endothelial and smooth muscle cells and along the mouse aorta. Antioxid. Redox Signal. 2015, 22,
760–771. [CrossRef]

35. Adamo, L.; Naveiras, O.; Wenzel, P.L.; McKinney-Freeman, S.; Mack, P.J.; Gracia-Sancho, J.; Suchy-Dicey, A.; Yoshimoto, M.;
Lensch, M.W.; Yoder, M.C. Biomechanical forces promote embryonic haematopoiesis. Nature 2009, 459, 1131–1135. [CrossRef]

https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1038/s41467-022-30654-4
https://doi.org/10.1038/s41577-024-01027-3
https://doi.org/10.1016/j.heliyon.2024.e37192
https://doi.org/10.1146/annurev-bioeng-062117-121224
https://doi.org/10.1186/s12967-025-06306-8
https://doi.org/10.1038/nrc3080
https://www.ncbi.nlm.nih.gov/pubmed/21701513
https://www.ncbi.nlm.nih.gov/pubmed/29888101
https://doi.org/10.1002/bit.27119
https://www.ncbi.nlm.nih.gov/pubmed/31317530
https://doi.org/10.1158/0008-5472.CAN-10-1513
https://doi.org/10.3892/ijo.2017.3865
https://doi.org/10.1038/srep39975
https://www.ncbi.nlm.nih.gov/pubmed/28054593
https://doi.org/10.1016/j.bbamcr.2016.10.013
https://doi.org/10.18632/oncotarget.7583
https://www.ncbi.nlm.nih.gov/pubmed/26919102
https://doi.org/10.1088/1367-2630/15/1/015008
https://doi.org/10.1016/j.canlet.2016.12.001
https://doi.org/10.1016/j.celrep.2020.02.080
https://doi.org/10.1182/blood.V73.5.1324.1324
https://doi.org/10.1186/s12967-019-02189-8
https://www.ncbi.nlm.nih.gov/pubmed/31900168
https://doi.org/10.3390/cancers12061697
https://doi.org/10.1038/nrm3112
https://doi.org/10.1089/ars.2014.6054
https://doi.org/10.1038/nature08073


Diseases 2025, 13, 402 17 of 18

36. Park, J.Y.; Yoo, S.J.; Patel, L.; Lee, S.H.; Lee, S.-H. Cell morphological response to low shear stress in a two-dimensional culture
microsystem with magnitudes comparable to interstitial shear stress. Biorheology 2010, 47, 165–178. [CrossRef]

37. Mitchell, M.J.; King, M.R. Computational and experimental models of cancer cell response to fluid shear stress. Front. Oncol. 2013,
3, 44. [CrossRef]

38. Choi, H.Y.; Yang, G.-M.; Dayem, A.A.; Saha, S.K.; Kim, K.; Yoo, Y.; Hong, K.; Kim, J.-H.; Yee, C.; Lee, K.-M. Hydrodynamic shear
stress promotes epithelial-mesenchymal transition by downregulating ERK and GSK3β activities. Breast Cancer Res. 2019, 21, 6.
[CrossRef]

39. Rutkowski, J.M.; Swartz, M.A. A driving force for change: Interstitial flow as a morphoregulator. Trends Cell Biol. 2007, 17, 44–50.
[CrossRef] [PubMed]

40. Kim, H.; Yang, K.H.; Cho, H.; Gwak, G.; Park, S.C.; Kim, J.I.; Yun, S.S.; Moon, I.S. Different effects of orbital shear stress on
vascular endothelial cells: Comparison with the results of in vivo study with rats. Vasc. Spec. Int. 2015, 31, 33. [CrossRef]
[PubMed]

41. Shields, J.D.; Fleury, M.E.; Yong, C.; Tomei, A.A.; Randolph, G.J.; Swartz, M.A. Autologous chemotaxis as a mechanism of tumor
cell homing to lymphatics via interstitial flow and autocrine CCR7 signaling. Cancer Cell 2007, 11, 526–538. [CrossRef] [PubMed]

42. Polacheck, W.J.; German, A.E.; Mammoto, A.; Ingber, D.E.; Kamm, R.D. Mechanotransduction of fluid stresses governs 3D cell
migration. Proc. Natl. Acad. Sci. USA 2014, 111, 2447–2452. [CrossRef]

43. Swartz, M.A.; Fleury, M.E. Interstitial flow and its effects in soft tissues. Annu. Rev. Biomed. Eng. 2007, 9, 229–256. [CrossRef]
[PubMed]

44. Pan, M.R.; Hou, M.F.; Ou-Yang, F.; Wu, C.C.; Chang, S.J.; Hung, W.C.; Yip, H.K.; Luo, C.W. FAK is Required for Tumor
Metastasis-Related Fluid Microenvironment in Triple-Negative Breast Cancer. J. Clin. Med. 2019, 8, 38. [CrossRef] [PubMed]

45. Yu, H.; Shen, Y.; Jin, J.; Zhang, Y.; Feng, T.; Liu, X. Fluid shear stress regulates HepG2 cell migration though time-dependent
integrin signaling cascade. Cell Adh. Migr. 2018, 12, 56–68. [CrossRef]

46. Ammon, C.; Meyer, S.; Schwarzfischer, L.; Krause, S.; Andreesen, R.; Kreutz, M. Comparative analysis of integrin expression on
monocyte-derived macrophages and monocyte-derived dendritic cells. Immunology 2000, 100, 364–369. [CrossRef]

47. Yarbro, J.R.; Emmons, R.S.; Pence, B.D. Macrophage immunometabolism and inflammaging: Roles of mitochondrial dysfunction,
cellular senescence, CD38, and NAD. Immunometabolism 2020, 2, e200026. [CrossRef]

48. Almubarak, A.; Tanagala, K.K.K.; Papapanou, P.N.; Lalla, E.; Momen-Heravi, F. Disruption of monocyte and macrophage
homeostasis in periodontitis. Front. Immunol. 2020, 11, 330. [CrossRef]

49. Jui, E.; Kingsley, G.; Phan, H.K.T.; Singampalli, K.L.; Birla, R.K.; Connell, J.P.; Keswani, S.G.; Grande-Allen, K.J. Shear stress
induces a time-dependent inflammatory response in human monocyte-derived macrophages. Ann. Biomed. Eng. 2024, 52,
2932–2947. [CrossRef]

50. Li, R.; Serrano, J.C.; Xing, H.; Lee, T.A.; Azizgolshani, H.; Zaman, M.; Kamm, R.D. Interstitial flow promotes macrophage
polarization toward an M2 phenotype. Mol. Biol. Cell 2018, 29, 1927–1940. [CrossRef] [PubMed]

51. Pucci, B.; Kasten, M.; Giordano, A. Cell cycle and apoptosis. Neoplasia 2000, 2, 291–299. [CrossRef]
52. Son, H.; Choi, H.-S.; Baek, S.E.; Kim, Y.-H.; Hur, J.; Han, J.-H.; Moon, J.H.; Lee, G.S.; Park, S.G.; Woo, C.-H. Shear stress

induces monocyte/macrophage-mediated inflammation by upregulating cell-surface expression of heat shock proteins. Biomed.
Pharmacother. 2023, 161, 114566. [CrossRef]

53. Engström, A.; Erlandsson, A.; Delbro, D.; Wijkander, J. Conditioned media from macrophages of M1, but not M2 phenotype,
inhibit the proliferation of the colon cancer cell lines HT-29 and CACO-2. Int. J. Oncol. 2014, 44, 385–392. [CrossRef]

54. Spencer, A.; Sligar, A.D.; Chavarria, D.; Lee, J.; Choksi, D.; Patil, N.P.; Lee, H.; Veith, A.P.; Riley, W.J.; Desai, S. Biomechanical
regulation of breast cancer metastasis and progression. Sci. Rep. 2021, 11, 9838. [CrossRef]

55. Hompland, T.; Lund, K.V.; Ellingsen, C.; Kristensen, G.B.; Rofstad, E.K. Peritumoral interstitial fluid flow velocity predicts
survival in cervical carcinoma. Radiother. Oncol. 2014, 113, 132–138. [CrossRef]

56. Cognart, H.A.; Viovy, J.-L.; Villard, C. Fluid shear stress coupled with narrow constrictions induce cell type-dependent morpho-
logical and molecular changes in SK-BR-3 and MDA-MB-231 cells. Sci. Rep. 2020, 10, 6386. [CrossRef]

57. Das, J.; Maji, S.; Agarwal, T.; Chakraborty, S.; Maiti, T.K. Hemodynamic shear stress induces protective autophagy in HeLa cells
through lipid raft-mediated mechanotransduction. Clin. Exp. Metastasis 2018, 35, 135–148. [CrossRef] [PubMed]

58. Chen, X.; Xia, Q.; Sun, N.; Zhou, H.; Xu, Z.; Yang, X.; Yan, R.; Li, P.; Li, T.; Qin, X. Shear stress enhances anoikis resistance of cancer
cells through ROS and NO suppressed degeneration of Caveolin-1. Free. Radic. Biol. Med. 2022, 193, 95–107. [CrossRef] [PubMed]

59. Arneth, B. Tumor microenvironment. Medicina 2019, 56, 15. [CrossRef] [PubMed]
60. Zhang, R.; Yao, Y.; Gao, H.; Hu, X. Mechanisms of angiogenesis in tumour. Front. Oncol. 2024, 14, 1359069. [CrossRef]
61. Guo, C.; Buranych, A.; Sarkar, D.; Fisher, P.B.; Wang, X.-Y. The role of tumor-associated macrophages in tumor vascularization.

Vasc. Cell 2013, 5, 20. [CrossRef] [PubMed]

https://doi.org/10.3233/BIR-2010-0567
https://doi.org/10.3389/fonc.2013.00044
https://doi.org/10.1186/s13058-018-1071-2
https://doi.org/10.1016/j.tcb.2006.11.007
https://www.ncbi.nlm.nih.gov/pubmed/17141502
https://doi.org/10.5758/vsi.2015.31.2.33
https://www.ncbi.nlm.nih.gov/pubmed/26217642
https://doi.org/10.1016/j.ccr.2007.04.020
https://www.ncbi.nlm.nih.gov/pubmed/17560334
https://doi.org/10.1073/pnas.1316848111
https://doi.org/10.1146/annurev.bioeng.9.060906.151850
https://www.ncbi.nlm.nih.gov/pubmed/17459001
https://doi.org/10.3390/jcm8010038
https://www.ncbi.nlm.nih.gov/pubmed/30609732
https://doi.org/10.1080/19336918.2017.1319042
https://doi.org/10.1046/j.1365-2567.2000.00056.x
https://doi.org/10.20900/immunometab20200026
https://doi.org/10.3389/fimmu.2020.00330
https://doi.org/10.1007/s10439-024-03546-5
https://doi.org/10.1091/mbc.E18-03-0164
https://www.ncbi.nlm.nih.gov/pubmed/29995595
https://doi.org/10.1038/sj.neo.7900101
https://doi.org/10.1016/j.biopha.2023.114566
https://doi.org/10.3892/ijo.2013.2203
https://doi.org/10.1038/s41598-021-89288-z
https://doi.org/10.1016/j.radonc.2014.09.011
https://doi.org/10.1038/s41598-020-63316-w
https://doi.org/10.1007/s10585-018-9887-9
https://www.ncbi.nlm.nih.gov/pubmed/29536225
https://doi.org/10.1016/j.freeradbiomed.2022.10.271
https://www.ncbi.nlm.nih.gov/pubmed/36243211
https://doi.org/10.3390/medicina56010015
https://www.ncbi.nlm.nih.gov/pubmed/31906017
https://doi.org/10.3389/fonc.2024.1359069
https://doi.org/10.1186/2045-824X-5-20
https://www.ncbi.nlm.nih.gov/pubmed/24314323


Diseases 2025, 13, 402 18 of 18

62. Cai, G.L.; Yang, Z.X.; Guo, D.Y.; Hu, C.B.; Yan, M.L.; Yan, J. Macrophages enhance lipopolysaccharide induced apoptosis via
Ang1 and NF-κB pathways in human umbilical vein endothelial cells. Sci. Rep. 2021, 11, 2918. [CrossRef]

63. Recchia Luciani, G.; Barilli, A.; Visigalli, R.; Dall’Asta, V.; Rotoli, B.M. Cytokines from SARS-CoV-2 Spike-Activated Macrophages
Hinder Proliferation and Cause Cell Dysfunction in Endothelial Cells. Biomolecules 2024, 14, 927. [CrossRef] [PubMed]

64. Barakat, A.; Lieu, D. Differential responsiveness of vascular endothelial cells to different types of fluid mechanical shear stress.
Cell Biochem. Biophys. 2003, 38, 323–343. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-021-82531-7
https://doi.org/10.3390/biom14080927
https://www.ncbi.nlm.nih.gov/pubmed/39199315
https://doi.org/10.1385/CBB:38:3:323
https://www.ncbi.nlm.nih.gov/pubmed/12794271

	Introduction 
	Materials and Methods 
	The Cell Culture and Differentiation 
	Fluid Shear Stress Application 
	THP-1-like Macrophages Profiling Assay 
	Conditioned Media Treatment 
	Cell Apoptosis Assay 
	Cell Cycle Analysis 
	Cell Imaging 
	Migration Assay 
	Cell Metabolic Assay 
	Statistical Analysis 

	Results 
	This THP-1 Differentiation 
	THP-1-like Macrophages Profiling (Cell Marker Expression Analysis) 
	FSS-Induced MCF-7cell Death 
	FSS-CM Induces G1-Phase Cell Cycle Arrest in MCF-7 
	Migration Assay 
	HUVEC Metabolic Activity in Response to FSS-Conditioned Media 

	Discussion 
	Conclusions 
	References

